Abstract In a new era of lunar exploration, pyroclastic deposits have been identified as valuable targets for resource utilization and scientific inquiry. Little is understood about the geomechanical properties and the trafficability of the surface material in these areas, which is essential for successful mission planning and execution. Past incidents with rovers highlight the importance of reliable information about surface properties for future, particularly robotic, lunar mission concepts. Characteristics of 149 boulder tracks are measured in Lunar Reconnaissance Orbiter Narrow Angle Camera images and used to derive the bearing capacity of pyroclastic deposits and, for comparison, mare and highland regions from the surface down tõ 5-m depth, as a measure of trafficability. Results are compared and complemented with bearing capacity values calculated from physical property data collected in situ during Apollo, Surveyor, and Lunokhod missions. Qualitative observations of tracks show no region-dependent differences, further suggesting similar geomechanical properties in the regions. Generally, bearing capacity increases with depth and decreases with higher slope gradients, independent of the type of region. At depths of 0.19 to 5 m, pyroclastic materials have bearing capacities equal or higher than those of mare and highland material and, thus, may be equally trafficable at surface level. Calculated bearing capacities based on orbital observations are consistent with values derived using in situ data. Bearing capacity values are used to estimate wheel sinkage of rover concepts in pyroclastic deposits. This study's findings can be used in the context of traverse planning, rover design, and in situ extraction of lunar resources.
Introduction
As a new era of lunar exploration begins, attention has turned to lunar pyroclastic deposits (LPDs) as highpriority targets for scientific research and in situ resource utilization (ISRU). These unique locations may be ©2019. American Geophysical Union. All Rights Reserved.
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Key Points:
• Bearing capacity of pyroclastic, mare, and highland regions is calculated based on measurements of boulder tracks in orbital images • Results agree with calculations based on in situ data-pyroclastic areas show no evidence of lower trafficability than maria and highlands • Sinkage of proposed mobility systems is estimated, which can be applied to rover requirements, traverse planning, and civil engineering Several newly proposed landing sites and traverses exist in the proximity of LPDs (Allender et al., 2019; Kring & Durda, 2012; Potts et al., 2015; Steenstra et al., 2016) . In particular, an immense~400-m-tall pyroclastic deposit in the Schrödinger basin on the lunar farside was among the Tiers I and II targets during the Exploration Systems Mission Directorate phase of the Lunar Reconnaissance Orbiter (LRO) mission because of its ISRU potential for future human missions. Thus far, three landing site and traverse studies have explored the feasibility of crew working in the vicinity of that pyroclastic vent (Allender et al., 2019; Bunte et al., 2011; O'Sullivan et al., 2011) . Moreover, several human-assisted robotic sample return missions to the same pyroclastic vent have also been explored (Potts et al., 2015; Steenstra et al., 2016) . In all cases, it was assumed trafficability would be possible along the periphery of the deposit, but it remains uncertain if a rover can operate in proximity of the vent center. To further assess missions to the pyroclastic deposit in the Schrödinger basin and LPDs elsewhere on the Moon, additional information about the geomechanical properties is needed to optimize rover design and reduce operational risk of trafficability.
Lunar exploration has historically been plagued with uncertain assessments of trafficability. Despite a first successful soft landing of the Soviet Union's Luna 9 probe in 1966, concerns remained that the lunar surface would not be traversable; that is, the regolith would not be able to bear any kind of load (Carrier et al., 1991) . Those concerns were addressed by several NASA Surveyor missions that provided opportunities to analyze the mechanical properties of the lunar regolith in situ (National Space Science Data Center, 2006) . In addition, NASA's Lunar Orbiter missions from 1966 to 1967 (LPI USRA, n.d.) returned photographs of the surface, which led to the discovery of boulder tracks carved by rockfalls. These boulder tracks were studied (Eggleston et al., 1968; Filice, 1967; Hovland & Mitchell, 1971 & 1973 Moore, 1970; Moore et al., 1972; Pike, 1971) to derive geomechanical properties of the lunar regolith in regions not been directly sampled by landers. Results suggested crew and rovers would be able to traverse the surface safely.
Mobility was first demonstrated in 1969 by astronauts Armstrong and Aldrin walking over distances of~100-m around the Apollo 11 landing site (NASA Apollo 11, 2017) . The use of rovers began in 1970 with the Soviet Union's Lunokhod 1 (Carrier et al., 1991; IEEE Spectrum, 2010 ). This rover was followed by the Modular Equipment Transporter (MET) (1971), the Lunar Roving Vehicle (LRV) (1971) (1972) , the Union of Soviet Socialist Republic's USSR's Lunokhod 2 rover (1973) , and the Chinese Yutu rover (2013 ( , Carrier et al., 1991 National Space Science Data Center, 2016 , 2017 ESA EO, n.d.-a) . On 3 January 2019, the Chinese Chang'e-4 probe delivered a second Yutu rover to the lunar surface that is currently exploring a part of the South Pole-Aitken basin on the farside of the Moon (ESA EO, n.d.-b) . In addition, the Indian Space Research Organization is planning to deploy a rover as part of the upcoming Chandrayaan-2 mission, in early 2019 (ISRO, n.d.) . The tracks created by astronauts, rovers, and landers provided additional information about the geomechanical properties and trafficability of the lunar regolith (Costes et al., 1970; Mitchell et al., 1974; Scott et al., 1971; Slyuta, 2014) . Despite a general level of success, operational limitations were also noted. During its first use around the Apollo 15 landing site, the LRV entered an area of soft soil and experienced 100% wheel slip . To resolve the issue, the astronauts manually moved the vehicle out of the trench to continue the traverse (Carrier et al., 1991; Costes et al., 1972) . Lunokhod 2 encountered soft soils on the inside walls of craters and at the base of slopes. While its wheel sinkage was normally 2 cm, it increased to >20 cm near some impact craters (Carrier et al., 1991; Florensky et al., 1978) . Incidences such as these are of concern when planning robotic missions that will not be able to be corrected manually.
The previous missions occurred in highland and mare terrains. LPDs have only been traversed along their periphery (e.g., Apollo 17), and availability of in situ data for them is limited. Thus, if they are to be explored successfully in the future, a geomechanical assessment must be performed. Recent spacecraft missions, such as NASA's LRO, have produced high-resolution imagery of boulder tracks that are suitable for that assessment. Here those boulder tracks are used to determine the ultimate bearing capacity of LPDs from the near surface to a depth of~5 m and compared with similar analyses of lunar highland and mare regions.
Ultimate bearing capacity is one measure of the trafficability of a surface material, which is a term that describes the ability of a soil to bear a load, to provide sufficient traction for propulsion, and other locomotion-related properties (Bekker, 1956; Carrier et al., 1991) . The derived bearing capacity has been used to estimate the sinkage of current and future rover concepts in the investigated regions. In addition, we explore how bearing capacity can be used to adjust important rover specifications such as total allowable vehicle mass as a function of wheel or footpad dimensions. The results of this work can be used to reduce the risk of robotic and human traverses, while also providing a baseline needed to design infrastructure used for ISRU and large scientific instrumentation such as telescopes.
The available data and the selection of LPDs for this study are described in section 2, followed by a mathematical description of bearing capacity theory. Section 3 describes the measurements made in highresolution orbital images. Section 4 presents and discusses the results. Finally, in section 5, the implications of those results are provided along with an outlook for application in future missions.
Methodology
This work compares the ultimate bearing capacity of lunar regolith in LPDs, mare, and highland regions as a potential measure for their trafficability. Using the Terzaghi (1951) bearing capacity equation (used during the Apollo era for site assessments; e.g., Moore, 1970 ) and Hansen's (1970) updated equation for shallow foundations, bearing capacity is calculated using values derived from measurements of boulder tracks. Orbital imagery is used to identify and measure these boulders and their associated tracks. In addition, track appearances and shapes in all regions of interest are compared in a qualitative manner as an additional measure for regolith behavior and strength. Soil mechanical values used in the two equations are retrieved from literature pertaining to the Apollo soils. Data measured in photographs taken during the Apollo and Surveyor missions, as well as data measured in situ during the Lunokhod missions, are used to derive bearing capacity values for comparison with the remotely measured data.
Site Selection and Orbital Imagery
High-resolution orbital imagery allows for the assessment of trafficability in LPDs by measurements of boulder tracks from rockfalls. LPDs range in size from less than 1,000 to 49,013 km 2 or more (Gaddis et al., 2003) . This study focused on large deposits (i.e., those with 600 km 2 or more) that contain rockfalls with boulder tracks. Large deposits have been chosen, because they provide the most opportunity for selection of potential landing and traverse sites. A total of eight LPDs are investigated (Table S1 in the supporting information, generally denoted S). Additionally, the selected LPDs have been evaluated for their TiO 2 and FeO content, plus theoretical and experimental water content (Table S1 ). Figure S1 displays the locations of all boulder tracks used for this study.
In order to achieve sufficient measurement accuracy, image data with the highest possible spatial resolution and quality are required. Seventy-nine LRO Narrow Angle Camera (NAC) images that contain boulder tracks have been processed from experimental data record level 0 to reduced data record level 2, with spatial resolution ranging from 0.38 to 1.68 m/pixel. Subsequently, all images have been adjusted to the appropriate projection in ArcGIS 10.1 using Isis3. The LRO Wide Angle Camera (WAC) DTM GLD 2013 100 m (Scholten et al., 2012) was used for measurements relating to slope and elevation. See Figure S2 for a detailed image processing workflow.
Bearing Capacity Equations and Calculations
Analysis of boulder tracks on the surface of the Moon has been used to estimate the bearing capacity of regolith since the Lunar Orbiter program began imaging the lunar surface in 1966 (Eggleston et al., 1968; Filice, 1967; Moore, 1970) . The ultimate bearing capacity is the maximum load the ground can sustain before failure (Meyerhof, 1951) . It is a potential measure for a soil's trafficability, a term that not only describes the ability of a soil to bear a load (i.e., the sinkage of a load into the surface) but also whether a soil is able to provide traction as well as propulsion (Bekker, 1956; Carrier et al., 1991) . Other aspects of trafficability describe terrain, energy consumption of a vehicle due to surface roughness, and rolling resistance (Bekker, 1956; Carrier et al., 1991) . Because ultimate bearing capacity denotes the at-failure state of the soil, the driving forces (boulder weight) and the resisting forces (shear strength of the soil) are equal and cancel out. This means that the weight of the boulders can be neglected (i.e., no density measurements of the boulders are required) while only intrinsic soil properties are used.
Amongst the available bearing capacity equations, Terzaghi (1951) , equation (1)) has traditionally and widely been used by geotechnical engineers. In addition, Hansen (1970) , equation (6)) incorporates various adaptations and expansions to Terzaghi's approach, to better address the contact interface between an imposing object (whether it be a boulder or mechanical system) and a geologic surface. For these reasons, both approaches are explored in this work. 2.2.1. Terzaghi Terzaghi's (1951) ultimate bearing capacity (q f ) formula for shallow circular footings (equation (1)) consists of three terms that represent the total shear strength of the soil, that is, the cohesion, the soil surcharge, and the soil friction along the footing:
where c is the cohesion of the soil, q 0 is the vertical stress within the soil, and γ s is the unit weight of a homogeneous isotropic soil. B av is the diameter of the circular footing, which is the average of the two effective horizontal footing dimensions B T and L T as derived using Figure S3 . The surcharge q 0 is the product of the depth of track (i.e., depth of footing, D) and the soil unit weight (γ s ), which is derived from the density of soil (ρ) and gravity on the Moon (g M ). Depth of track is calculated using the shadow length (S) that is cast within the track and the incidence angle (i) of the Sun:
Lastly, the bearing capacity factors (N c , N q , N γ ) are derived from Terzaghi (1951) , equations (3) and (4)) and Coduto et al. (2011) , equation (5)):
where ϕ is the internal friction angle, which is the angle between the shear stress and the normal effective stress where shear failure in a dry granular material occurs (e.g., Melosh, 2011 ).
Terzaghi's equation assumes that lunar boulders are spheroids and, thus, have a circular footprint. A circular footing is not entirely representative of the observed shapes of lunar boulders and the pressure acting onto the surface through a sphere but has been used in the past and is used as one possible approximation for this study because a realistic reproduction of the exact boulder surfaces is beyond the scope of this work. Terzaghi's bearing capacity equation (equation (1)) also assumes that the base of the footing is rough and requires that the depth of track is less than the width of footing, that is, either the respective boulder diameter or the track width, depending on the observed displacement method ( Figure S3 ). In general, Terzaghi's equation does not consider inclined terrain and, thus, overestimates the bearing capacity for sites located on slopes (Castelli & Lentini, 2012; Meyerhof, 1957) .
Boulder tracks produced at the source of the track and at the terminus are measured. At these locations, it is assumed that the boulder has minimal kinetic energy and can be approximated as a static load. While the soil reacts with inertial resistance upon dynamic impacts, the assumption of a static load will result in conservative bearing capacity values (Carrier et al., 1991; Moore et al., 1972) . The static assumption is also useful to generalize the otherwise complex lunar boulder displacement methods that have been observed, that is, jumping, rolling, sliding, and their influence on bearing capacity (Figure 1 ).
Hansen
It has been shown (Shill & Hoque, 2015) that bearing capacity estimations using Terzaghi's formula tend to deviate from results using other equations, particularly at higher friction angles. In addition, Terzaghi's approach does not consider a number of variables such as the local slope. For those reasons, an additional approach is considered in this work. Hansen's (1970) equation for shallow foundations (equation (6)) utilizes a different weighting to the bearing capacity factors (equations (7)- (9)) and considers depth factor d( c,q,γ ) (equations 2.2.2-5*-2.2.2-13*), shape factor s( c,q,γ ) (equations 2.2.2-14*-2.2.2-16*), and local slope inclination factor g( c,q,γ ) (equations 2.2.2-17*-2.2.2-18*; * in the supporting information). The formula also considers load inclination i( c,q,γ ) and foundation (boulder) inclination b( c,q,γ ) factors. Hansen's additional factors are valid if (1) the local slope angle is smaller than the material's internal friction angle and (2) the local slope angle plus footing inclination angle is smaller than 90° (Hansen, 1970) . As the dynamic displacement component is being neglected and as observations indicate that rockfalls carve into the slope substrate, this study assumes that the curved surface underneath a boulder on a slope can geometrically be described as a horizontal plane at each point x in time and, thus, there is no footing and load inclination to account for. Consequently, all i and b factors have been set to 1. This general assumption is equally valid for boulders of various sizes, including rover wheels and boots, and has been used by previous studies, such as that by Hovland and Mitchell (1971) , in a similar manner.
In contrast to the selected equation from Terzaghi for circular foundations, the Hansen formulae approximate rectangular footings and are given by Hansen (1970) and Bowles (1997) as 
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The depth and shape factors are dependent on the orientation of the boulder during its displacement, which means that the input parameters for foundation width (B H , short boulder diameter) and length (L H , long boulder diameter) have to be determined based on observations using the schematic in Figure S3 . The measurements can then be applied in equations 2.2.2-5 through 2.2.2-16, listed in the supporting Information. The slope inclination factor can be derived by using equations 2.2.2-17 and 2.2.2-18 in the supporting information.
Other methods and modified approaches to calculate bearing capacity of soils such as Hovland and Mitchell (1971) , Vesic (1973) , Durgunoglu and Mitchell (1975) , Kusakabe et al. (1981) , Saran et al. (1989) , and Eurocode7 (1996) have been developed. However, besides minor mathematical and methodical differences between Hansen (1970) and these approaches, previous studies such as Shill and Hoque (2015) have shown that most methods produce similar bearing capacity results. Due to that finding and a realization that some of these approaches rely on outdated assumptions due to the data quality at that time, only the bearing capacities calculated with the original Terzaghi (1951) , equation (1)) and Hansen (1970) , equation (6)) equations will be analyzed and compared in this work, using improved assumptions that are based on new highresolution image data from LRO.
Trafficability
The ultimate bearing capacity of regolith can be used as a measure for its trafficability, that is, if the soil is able to support a vehicle or astronaut, which is a fundamentally important question that has to be answered prior to the deployment of human or robotic assets in unknown regions, to avoid loss of mobile assets due to stalling. A load will cause the regolith to fail in shear until a layer that is able to bear it is reached and is therefore an indirect measure for the sinkage of a load into the soil, for example, a rover wheel or a robot's footpad, also referred to as flotation. Since failure and therefore sinkage stops as soon as load pressure and bearing capacity are equal, the basic relation
can be used to estimate sinkage, with m as the mass of the object under consideration and A eff as the effective area of contact with the surface. For lander footings, rover legs with plane footpads, or astronaut boots, the effective area A eff will be always equal, regardless of the sinkage into the soil. For round rover wheels however, the effective contact area will increase as the wheel begins to sink into the soil, until the point where it has sunk into the soil up to its center, that is, its radius. The same is valid for curved footpads of leg-wheel rover hybrids, such as RHex-and SpaceBok-type rovers (Boston Dynamics, 2019; SpaceBok, 2017, Figures S4 and S5) ; however, the calculation of their contact area is slightly more complex. Bekker (1956 Bekker ( , 1960 stresses that usage of soil shear strength as a measure for trafficability is precarious and always dependent on the shape of the wheel/pad-ground contact area. Therefore, Bekker (1960) recommends to conduct shear strength-based sinkage estimations only for vehicles with strip-like contact areas, that is, with wheel/pad width to diameter ratios of less than~0.5 (class II or higher). This criterion is being met by all assessed wheeled rover and all hybrid rover designs (Table S2) . For this work, the footpads of legged rovers, such as Spot-type robots (Boston Dynamics, 2019), have been approximated as wheels, due to their shape.
In this study, equation (10) is used to provide an estimate of sinkage using ultimate bearing capacity but does not consider soil compaction, dilatancy, or effects caused by elastic wheel deformation and across-profile wheel or footpad curvature. In addition, the sinkage is estimated assuming a static load scenario, that is, no movement of the rovers is considered. The estimations based on equation (10) 
Soil Mechanical Properties
Lunar soil mechanical properties such as density, cohesion, and internal friction angle have been estimated throughout literature, often resulting in a wide range of results (Carrier et al., 1991) . Therefore, a range of values have been used when calculating bearing capacity of the lunar surface and the associated friction angle, making the results difficult to compare (Hovland & Mitchell, 1969; Moore, 1970) . Generally, the soil property values used in the literature represent bulk lunar soil. In order to calculate bearing capacities at different locations on the lunar surface, specific soil property values have been obtained for each LPD, highland, and mare regions. Soil density values have been selected from Apollo core tube analyses that best represent LPD, highland, and mare material (Table S3 ). For each location, density values for the top 30 cm and lower than 30 cm of regolith are available. The top 30 cm represents the soil that will be considered for calculations in the shallow depth domain (rover tracks and shallow boulder tracks), while the density below 30 cm will be used for calculations of boulder tracks that run deeper than the indicated shallow domain. Cohesion values have been calculated in previous studies based on measurements taken on the lunar surface and produce a range of values of 0.1 to 4.9 kN/m 2 (Carrier et al., 1991) .
Boreholes drilled during the Apollo 16 and 17 missions remained open after the drill stem has been withdrawn, demonstrating the significant cohesion of the lunar regolith (Carrier et al., 1991) . For the bearing capacity calculations in this work, an estimate of 1 kN/m 2 is used for cohesion (Hovland & Mitchell, 1971; .
The angle of internal friction is dependent on the local context and conditions of the soil, including porosity, density of stratification, and the shape of particles (e.g., sphericity, smoothness, and roundness; Melosh, 2011; Cho et al., 2007) . Authors such as Melosh (2011 , and Mitchell et al. (1974) provide values ranging from around 13 to 50°for lunar soils and terrestrial analogs, based on in situ and remote measurements. Despite this wide range, the use of isolated friction angle parameters out of their original spatial context might add uncertainties to the bearing capacity calculations, particularly as this parameter is decisive for the accuracy of the calculations (the N factors in particular). In lieu of the absence of site specific literature values, the angle of repose of shallow granular flows is measured in six high-resolution NAC-based digital elevation models (DEMs). The DEMs have been processed for mare, highland, and LPDs using the Ames Stereo Pipeline (Shean et al., 2016 , details about the DEMs are displayed in Table  S4 ). The internal friction angle of a dry granular mass expresses itself as the so-called angle of repose, that is, the maximum angle at which a loose pile of material still stands stable (Melosh, 2011) . By measuring the local slope angle of flow features at their toe, the internal friction angle can be closely approximated, assuming that the material of the flow is the same as the substrate. The respective measurements are performed across several shallow granular flow-like features to derive a representative average. The resulting friction angle values are 28°for mare material, 30°for highland material, and 31°for LPD material, which is a significant refinement of literature values.
Measurements
A total of 149 boulder tracks are used to make eight unique measurements for the bearing capacity calculations. Measurements include long (L) and short diameters (B) of the boulder, track width (W), shadow length within the boulder track (S), and local slope (β), according to Figures S3 and S4. All measurements are taken near the boulder's terminus and near its origin (static assumption). The width and shadow length measurements are conducted 3 times for each of the individual tracks whenever possible. One source of variability in boulder track measurements results from irregular tracks where the track width changes due to wobbling along the track. Such effects have been minimized through average measurements where data were obtained at maximum, minimum, and intermediate width. Further, tracks that show signs of a strong inertial response, such as rounded edges, have been measured in a conservative way, that is, using the distance between the inner rim of the two exterior track bulges.
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Measurements of shadow length are performed on the same segment of track as the corresponding width measurements. Track shadow length near the boulder as well as the source are both measured by determining the location of the Sun and then measuring shadow length parallel to direction of illumination. Images in which the shadow length is perpendicular to the track provide the most accurate measurements. Inaccuracies occur when the shadow is not perpendicular to the track, in which case a shadow length measurement should be taken parallel to the Sun direction ( Figure S6 ). This should result in an equivalent shadow length measurement if the boulder track has spherical track elements. However, if the boulder track does not contain spherical boulder footprints and the Sun orientation is not parallel to the track, then a potentially misleading shadow length will be measured. Data that do not meet the criteria for a correct shadow length will not be considered in this work. As the derivable track depth depends on the measurable shadow length (equation (2)), the spatial resolution of LRO's NAC of~0.5 m/pixel is limiting the ability of the technique to calculate bearing capacities at very shallow depths, that is, between surface level and~0.35 m. However, using imagery with very high solar incidence angles that cause long shadows even for very shallow tracks, the available horizontal resolution is sufficient to sample shadow length and, thus, track depth as small as~0.19 m.
Slope for the boulder and source locations is determined from the 100-m resolution, global LRO WAC stereoderived DEM (Scholten et al., 2012) . As the spatial resolution of this DEM is coarse in comparison to the size of boulders, three high-resolution DEMs (2 to 10 m/pixel) for highland, mare, and LPD sites have been produced with the Ames Stereo Pipeline (Shean et al., 2016 , details about the DEMs are displayed in Table S4 ). These NAC DEMs are compared to the global DEM of Scholten et al. (2012) to assess potential uncertainties, which could have been introduced by the use of the lower spatial resolution DEM. The direct comparison suggests that the lower spatial resolution of the used WAC DEM is sufficient and does not influence the accuracy of the slope measurements. All measured data are presented with histograms in Figure S7 with respect to their respective region on the Moon.
In addition to boulder tracks, this study uses measurements performed in photographs taken during the Apollo and Surveyor missions, as well as in situ during the Lunokhod missions. Besides astronauts and rovers (LRV, Lunokhod), the MET and the boulder tracks measured on the ground during Apollo 17 are used for this analysis. The use of in situ data allows for a comparison of the remote sensing-based results and for a calculation of bearing capacity results for shallow depths.
Results
Differences in the shape of boulder tracks in mare, highland, and LPDs may indicate differences in geomechanical properties. However, no differences of that type are observed among the regions, implying LPDs have similar geomechanical properties as those in mare and highland regions. Difference in track appearances appears to be influenced instead by boulder shape and displacement method, that is, rolling, sliding, or bouncing, than by region. Figure 1 displays a comparison between boulder tracks in all areas of interest.
In this work, bearing capacity is investigated as a function of depth, slope, and equation used. In addition, the results have been classified by the region and the geomorphological context at which their corresponding measurements have been made. This allows for the comparison of pyroclastic soils with mare and highland material, as well as for the comparison of material on regular slopes, crater slopes, rilles, and pyroclastic vents.
In order to evaluate the deviation in results between the Hansen and Terzaghi equations, the bearing capacity values calculated for all boulders are compared ( Figure S8 ). Both equations provide similar results for lower bearing capacity values. As bearing capacity values begin to increase the correlation between Terzaghi and Hansen weakens. Further, there is a trend in which the Terzaghi method provides generally higher bearing capacity values than Hansen. For both approaches, the N factors are decisive for the calculation of the bearing capacity. To put them into perspective and context, the derived factors for N c , N q , N γ have been plotted in Figure S9 . The difference in the N factors is one reason why Hansen produces lower bearing capacity values. Lower values are also a result of the application of correction factors for Hansen (equations 2.2.2-5 through 2.2.2-18) that reduces the bearing capacity, based on the physical conditions and the geometry of the investigated site. As Hansen (1970) partially addresses these uncertainties (e.g., regarding boulder shape and slope inclination), it is considered the more representative approach for this study, as it provides a better-restricted and realistic lower boundary for the ultimate bearing capacity.
The bearing capacity values at each location type (LPDs, highland, and mare) and in varying geomorphological context are plotted with respect to the local slope angle where the measurements have been taken (Figures 2 and S8 ). The data are further subdivided by the depth of track. The boulders that are believed to have fully penetrated the surface regolith likely interacted with more consolidated material below. For this reason, these points have been plotted as hollow shapes to indicate that their values may not be 
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Bearing capacity as a function of track depth is presented in Figures 3a and S9 for LPDs, highland, and mare material for both the Terzaghi and Hansen equations. Due to the limitation in spatial resolution of NAC images at around 0.5 m/pixel, no boulders smaller than~1.5 m in diameter can be observed; that is, no shallow boulder tracks can be measured, causing a gap of remote sensing-derived bearing capacity values from 0 to a depth of~0.19 m in all regions. A least squares fit has been applied, and a shaded error bar derived from an estimate of the standard deviation of the error. Generally, the bearing capacity for each location increases with depth, which is to be expected as the material at depth becomes increasingly compact and less porous (Carrier et al., 1991; Houston et al., 1972; and because a larger soil column causes a higher surcharge load (equations (1) and (6)). As in Figures 2 and S6 the Terzaghi equation provides consistently higher estimates for bearing capacity. Hollow data points represent depth measurements that exceed the estimated regolith thickness at the measured location, based on Table S5 and Figure S10 .
Bearing capacity as a function of depth and geomorphological context does not indicate a significant influence of local context ( Figure S12 ).
To compare the bearing capacity values generated in this work, a two sample t test assuming unequal variances (two-tail) was run between each of the three regions for four depth subdivisions (0.19 to 1, 1 to 2, 2 to 6, 6 + m), which provided twelve p values based on a 95% confidence interval (detailed statistics and results can be found in Table S6 ). Results indicate that LPDs have equal or significantly higher bearing capacity values for the four investigated depth ranges than mare and highland areas. Mare and highland regions show statistically equal bearing capacities over the entire depth range from 0.19 to 6 + m.
Based on the statistical similarity and degree of correlation of bearing capacity over depth between mare and highland regions, the calculated mare and highland bearing capacity values are plotted together and combined with the bearing capacity values calculated using boulder tracks measured in photographs taken during the Apollo 17 mission (Figure 3b ). The results from both the in situ and the remotely measured values can be directly compared in the depth range from 0.19 to~5 m and show a high degree of correlation. Based on this correlation and in order to close the gap between surface level and 0.19-m depth, lines of best fit have been interpolated to link the results based on boulder tracks (remote and in situ) to bearing capacity results calculated with the identical method (Hansen, 1970; Terzaghi, 1951) but using shallower measurements taken from Apollo MET and LRV track photographs in mare and highland regions. These fits consist of three segments in the previously selected depth ranges of 0 to 1, 1 to 2, and 2 to 6 m, cut at 5 m. The derived fit for 0 to 1 m is based on values calculated from the in situ measurements as well as on values derived from boulder track measurements. For the depth range from 1 to 2 and 2 to 6 m only the bearing capacity values calculated based on in situ measurements (Apollo 17 observations of boulder tracks) have been used, because they represent a conservative lower limit for the soils' strength in mare and highland regions at that depth (Figure 3b 1-2 and 2-6 m :
As shown by the statistical analysis, the bearing capacity of LPDs based on boulder tracks appears to be equal or significantly higher than in mare and highland areas along the entire investigated depth range from 0.19
Journal of Geophysical Research: Planets to 5 m. It may, thus, be possible that the derived interpolated linear fit for mare and highland regions represents a conservative lower limit of bearing capacity in LPDs. Based on the assumption that the mechanical behavior of LPDs is only governed by the factors considered by the used equations, the derived lower limit has been extrapolated to close the sampling gap between the surface and 0.19-m depth. This extrapolation is based on the assumption (discussed further below) that soil-strengthening processes such as sintering are absent or do not significantly contribute to the mechanical behavior of LPD regolith in the investigated depth range. The extrapolated linear bearing capacity envelope has been used for the subsequent trafficability analysis. Numerical results of calculated ultimate bearing capacity including associated error for each investigated location type at the specified depth ranges and for varying slope values are displayed in Table S7 .
Discussion
This study uses observations of tracks carved by rockfalls to derive qualitative and quantitative properties of the regolith in LPDs in comparison to that in mare and highland areas. Hovland and Mitchell (1971) note (Hansen, 1970) based on remotely measured data and in situ measured data.
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Journal of Geophysical Research: Planets that boulder track width appears to be sensitive to changes in regolith conditions. However, observations of boulder track shapes and appearances in the regions of interest did not show any significant differences. Slight differences in track sharpness, clarity, and apparent width equally occur in all investigated regions and could be indicative of an inertial response of the shearing soil that is pronounced due to the lower gravitational acceleration on the Moon, initially caused by very dynamic boulder displacements. Rounded track edges could also express an ongoing erosion over time, for example, driven by microimpacts.
Besides the described Apollo 15 LRV incident, the Soviet Union's Lunokhod 2 rover experienced increased wheel sinkage as it approached the toe of a slope in Le Monnier Crater (Carrier et al., 1991; Florensky et al., 1978) . This sinkage indicates a reduction of bearing capacity that could be connected to the geomorphological environment or the genesis of this specific site. Melosh (2011) suggests that slow downslope movement of regolith occurs on lunar slopes, resulting in characteristic slope lobes and textures. Material transport is caused by thermal variations, micrometeorite impacts, seismic shaking, and electrostatic levitation. Downslope movement of regolith implies it accumulates at the bottom of slopes, potentially resulting in an increased regolith thickness and lower bearing capacity values, possibly influenced by a higher porosity of the regolith present . However, the results derived here do not directly imply reduced bearing capacities at the bottom of slopes. In contrast, soil strength appears to increase with lower slope gradients; that is, it is observed to be higher at the toes of slopes, as it has previously been described by Carrier et al. (1991) based on in situ sampling. On slopes, however, as illustrated by Figures 2 and S9 , bearing capacity of lunar regolith generally varies, where higher slope gradients reflect lower bearing capacities. Based on Hansen's (1970) equation, this is caused by the fact that an inclination of the surface results in a reduced soil volume that is bearing the boulder. This reduces the surcharge and friction terms, as well as the bearing capacity (Castelli & Lentini, 2012; Meyerhof, 1957) . Results derived with Terzaghi (1951) also show a slight but noticeable decreasing bearing capacity trend with increasing slope angles for very shallow track depths, independent on region or geomorphological context, although the equations do not consider slope inclination (Figures 2 and S8 ). This could indicate that there is another reason or predisposition that reduces the bearing capacity of lunar regolith on slopes in the depth range from 0 to 1 m, such as potential surficial mass movements as previously suggested by Melosh (2011 that form a shallow regolith colluvium with altered mechanical properties.
Cone penetrometer data from human and robotic lunar surface missions indicate a similar behavior of the soil, as regolith has been found to be weaker on slopes than in flat areas, at least down to a depth of 70 cm (Carrier et al., 1991) . A direct comparison of different geomorphological settings suggests that bearing capacity of impact crater slopes, regular slopes, slopes in pyroclastic vents, and lopes in rilles is similar over the entire slope angle and depth range ( Figures S8 and S9) . Therefore, the influence of geomorphology and genesis on regolith bearing capacity in the investigated depth range might be limited or at least less significant than the observed influence of slope angle and location along the slope. However, the technique used in this study to derive bearing capacity has a limited capability to investigate distribution of bearing capacity at very shallow depths~0.19 m and less, due to the limitations in spatial resolution of the used sensor (NAC). Therefore, geomorphology dependent heterogeneities and variations of bearing capacity at shallow centimeter-scale depths on lunar slopes and their toes cannot be ultimately excluded and remain to be tested in situ.
Some clues about the potential properties of pyroclastic material at shallower depths can be gleaned from Apollo 15 and 17 observations of pyroclastic glass deposits. At Apollo 15, where green pyroclastic glass was mixed with other soil constituents, no significant increase in the sinkage of astronauts or the LRV was noted as a function of increasing green color of the soil. At Apollo 17, where a unit of wholly orange and black pyroclastic glass was exposed at the surface, no increase in sinkage was observed (e.g., NASA images A17-137-20986 and A17-137-20990; Muehlberger et al., 1973) . Near Shorty Crater, where a deposit of pyroclastic glass is exposed at the surface (0 cm) and extends to a depth of at least 70 cm, the bearing capacity is similar to, if not greater than, that of nearby pyroclastic-poor soils. It is so remarkable that Mitchell et al. (1973) reported the orange pyroclastic soil is unusually compact and exhibits high cohesion. The material was affected by the Shorty Crater impact event but that would have had a tendency to reduce cohesion, not increase it. Moreover, no degradation of that cohesion seems to have occurred over the past 19 Myr (Eugster et al., 1977) after being reexposed by the Shorty Crater impact event.
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Rover traverse planning draws on extensive use of slope maps to determine whether rovers are able to access specific regions of interest, as wheels tend to be susceptible to slip as slope gradients increase. However, the results of this study imply that trafficability analyses should also consider variations, and potentially heterogeneities, of bearing capacity along slopes to prevent rovers from unfavorable wheel sinkage. In addition, knowledge about variations of wheel sinkage along slopes based on bearing capacity might help optimize rover wheel design to trade-off sinkage and traction for on-slope propulsion.
The observed increase of bearing capacity with increasing depth (Figures 3 and S9 ) is expected and is caused by the decrease of soil porosity and an increase of the soil surcharge shear strength term that contains the depth of footing, representing the fact that the volume of soil that resists a load increases with depth. Interestingly, the increase of bearing capacity over depth is more significant for LPDs than for mare and highland areas, although reasons for this observation are unknown. The bearing capacity envelope of the three investigated regions down to a depth of~5 m might support the design and construction of shallow foundations for future infrastructure elements used for long-term exploration (Sanders & Larson, 2013) or ISRU purposes such as habitats, radiation shields, storage units, or scientific instruments such as large telescopes. Figures 2, 3 , and S9 also include measurements that appear to reflect a consolidated type of regolith at depth. We note that the thickness of the regolith has been shown to vary greatly from as little as 2 m in some regions to as much as 15 m in others (Bart et al., 2011; McKay et al., 1991) . This variation in regolith thickness is important when interpreting bearing capacities derived from boulder track measurements at larger depths since large rockfalls can potentially penetrate below the unconsolidated regolith. The bearing capacity derived from deep penetrating boulder tracks would then reflect the bearing capacity of the deep, consolidated layers and thus would be much higher, as displayed in Figures 2, 3 , S8, and S9 with bearing capacity values reaching up to~800 kPa and beyond. Using the shallowest unconsolidated regolith thickness estimates, potential tracks that carved into consolidated material have been identified and marked (Table S5 and Figure S10 ).
To further illuminate the results derived here based on orbital observations of boulder tracks, we compare them with results derived from previous Apollo-era missions. First, using the identical equations, the bearing capacities derived from measurements of boulder tracks in photographs taken during the Apollo 17 mission are calculated (Figures 3b and 4) . Second, bearing capacities for shallower depths based on measurements in photographs taken from Surveyor 3 footpads, Apollo 11 bootprints, Apollo 12 LM footpads, Apollo 14 MET tracks, and Apollo 15/16 LRV tracks are calculated (Figures 3b and 4) . In addition, bearing capacity results from Lunokhod 1 tracks are included in the comparison (Figure 4 ). Bearing capacities derived with different measurement methods correlate well and provide a similar lower limit for bearing capacity in mare highland and LPD regions. As additional support, photographs of LRV tracks in the three investigated regions have been analyzed in a qualitative manner ( Figure S13 ). The LRV tracks show no region-dependent differences, potentially supporting the assumption of a linear-type bearing capacity envelope as described by equations (11) and (12). Here the regolith at Shorty Crater, Apollo 17 station 4, is assumed to approximate LPD regolith. However, the surface material next to station 4 might not be entirely representative for the regolith encountered in large-scale pyroclastic deposits.
Bearing capacities calculated based on boulder tracks measured in Apollo ground imagery tend to fall on the lower side of the point cloud in Figure 3b , while staying within the results derived using NAC imagery. Potential explanations of this tendency could be that the regolith in the Apollo 17 area actually has a slightly lower bearing capacity or that there is a slight bias in the observations and measurements of track properties in the Apollo imagery. For example, a bias could be introduced by the different viewing geometry or spatial resolution of the Apollo-era images.
The extrapolated bearing capacity envelope (Figure 3b ) has been used to assess the trafficability of LPDs, mare, and highland regions, using the relation between vehicle mass and effective contact area between vehicle and soil (equation (10)). To do so, current rover design specifications for LER, Resource Prospector, Yutu, SpaceBok-, Spot-, and RHex-type rovers have been modified to explore the parameter space and simulate potential surcharge load due to additional crew or collected specimens during a science or resource extraction mission ( Figure 5 ). Results indicate that Yutu's sinkage is limited within the applied parameter space, with sinkage only significantly increasing with narrow wheels. A modification of wheel width appears to be an effective way to ensure that a rover, in particular the LER, is capable of traversing 10.1029/2018JE005876
LPDs and other lunar regions. Figure 5 also illustrates that legged walking and jumping rovers like Spot-and SpaceBok-type robots, as well as hybrids like RHex, are able to traverse LPDs, using the extrapolated bearing capacity envelope. Like for wheeled rovers, sinkage of legged robots could be effectively limited by adapting the footpad width. For wheeled rovers, extra mass due to collected samples, as well as wheel diameter appear to have smaller influence on the estimated sinkage. In contrast to wheeled rovers, the investigated legged robots appear to be more susceptible to sinkage as a function of increasing weight. These deliberations do not consider detailed effects of modified wheel diameter-width ratio or footpad size on other trafficability aspects such as propulsion and energy consumption, however.
The assessment of LPD trafficability has implications for the design of future missions. A high-priority target for robotic and crewed missions is the pyroclastic vent in the Schrödinger basin, but it has been unclear whether wheeled or legged assets are able to traverse its periphery and to access its center (Allender et al., 2019; Bunte et al., 2011; O'Sullivan et al., 2011; Potts et al., 2015; Steenstra et al., 2016) . The results of this study provide no evidence that the previous assumption of a traversable surface around the vent is invalid, thus, surface missions in this and similar locations may be possible using existing and proposed rover designs. Besides optimizing wheel or footpad width to avoid sinkage, a safe alternative could be to adapt the diameter of the wheels. Because bearing capacity values appear to be remarkably high at depths larger than 0.19 m, wheels with diameters >38 cm should not encounter flotation issues, based on the results of this study. However, such an increase in wheel diameter would require sufficient rover ground clearance and could result in an increased rolling resistance-among others-and, thus, would demand motors that can produce higher torque-depending on the effective sinkage.
Based on the results of this study, the interior of Schrödinger basin's vent may be traversable as well, concerning near surface bearing capacity. The bearing capacity envelope developed here as a function of Figure 4 . Comparison of bearing capacity values in this work and those calculated from literature values, including from different vehicles and objects, that is, astronaut bootprints, rover wheels, lander footpads, and rockfalls (Jaffe, 1971) . Values used in calculations are taken from Apollo preliminary science reports 11-17 Mitchell et al., 1973; . Lunokhod 1 bearing capacity values have not been calculated with the method presented in this paper but have been transferred from kg/cm 2 to kN/m 2 (Basilevsky et al., 2015) . Bearing capacity values are dependent on depth; that is, small bearing capacity values reflect shallow penetration depths of the respective vehicle (e.g., landing pads). Black lines in box plots indicate the median of the respective data set, and red crosses indicate outliers. Highland and mare data are taken from widespread locations, and the average regolith thicknesses within those materials, from the literature, are used to constrain estimated regolith thickness. This explains overlap in sample numbers.
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slope angle could be used to produce a map of the vent and its surrounding that illustrates the spatial distribution of bearing capacity and identifies no-go areas for specific vehicles, similar to a maximumtraversable slope angle map used for mission planning. Further, the findings of this work could support the assessment and adjustment of vehicle properties in order to optimize the locomotion performance of rovers like the LER within and outside of the vent. Thus, the results of this study help to reduce and better anticipate risk related to future exploration and ISRU missions to the pyroclastic vent in the Schrödinger basin as well as similar sites on the Moon. It has to be noted that this study investigated LPD trafficability in terms of bearing capacity (wheel sinkage) only. In steep terrain, such as pyroclastic vents, other trafficability parameters become important for a successful traverse, for example, wheel slip and traction. Table S2 . SEV = Space Exploration Vehicle; RP = Resource Prospector; LER = Lunar Electric Rover.
Conclusions
This work uses measurements of boulder tracks in NAC imagery to derive the bearing capacity of LPD, mare, and highland regions to assess their trafficability. A statistical analysis of the results suggests that all investigated regions have similar bearing capacity values from 0.19 to a depth of~5 m and along varying slope gradients, where bearing capacity increases with depth and decreases with higher local slope gradients. In addition, LPDs exhibit statistically equal or significantly higher bearing capacities than mare and highland regions in all investigated depth ranges. Results indicate that the influence of geomorphological context and genesis on bearing capacity is limited over the observed depth and slope range. Qualitative observations of boulder tracks in all regions of interest show no region-based differences and, thus, support the quantitative analysis.
Results derived with the implemented equations using remote measurements correlate well with results derived using data collected in photographs taken during the past Surveyor and Apollo missions, as well as in situ during the past Lunokhod lunar surface missions. The high degree of statistical correlation between mare and highland areas, as well as the in situ-based values, is used to establish a general bearing capacity distribution trend from the surface down to a depth of~5 m. As LPDs generally display equal or significantly higher bearing capacity values based on the statistical analysis along the observable depth range, this general trend is anticipated to be representative for LPDs as well, assuming that mechanical strength of LPD regolith is only caused by the considered parameters. A comparison of LRV tracks in the three investigated regions potentially supports this hypothesis.
Based on this assumption, the derived general bearing capacity distribution enables an analysis of the estimated sinkage of current and potential future rover designs as a measure for surface trafficability. The analysis shows no evidence that LPDs are not able to generally bear even heavy vehicles such as the LER. Therefore, this study promotes the feasibility of previously proposed traverses into untraversed lunar regions, including high-priority targets such as the surrounding and potentially the center of the pyroclastic vent in Schrödinger basin (Allender et al., 2019; Bunte et al., 2011; O'Sullivan et al., 2011; Steenstra et al., 2016) . In addition, this study investigates changes in rover specifications such as wheel/footpad width, pad contact length, and wheel diameter and simulates extra mass caused by sample collection and finds that vehicle sinkage could be effectively limited by an optimization of wheel and pad width. Wheel diameters larger than 38 cm could be an alternative to assure trafficability of vehicles in LPDs, to the potential cost of higher rolling resistance, requiring larger driving torque. For example, the radii of the wheels on the prototype LER (34.3 cm; Harrison et al., 2008) and on the anticipated flight version of it (49 cm, NASA SEV, 2010) exceed 19 cm. Thus, that vehicle should be able to traverse pyroclastic deposits. Other applications of this study's findings potentially include the design of foundations for exploration and ISRU infrastructure, as well as heavy instrumentation.
